Abstract. The twospotted spider mite, Tetranychus urticae, is a major arthropod pest of many greenhouse-grown horticultural crops. Greenhouse producers use a variety of miticides to suppress twospotted spider mite populations. A group of miticides known as mitochondria electron transport inhibitors or METIs include acequinocyl, fenpyroximate, and pyridaben. In addition, there are strobilurin-based fungicides such as azoxystrobin, kresoxim-methyl, and trifloxystrobin that are also known as METIs. We conducted a study to determine if these METI fungicides had any miticidal properties against the nymph and adult stages of the twospotted spider mite. The designated treatments were applied to marigold (Tagetes erecta) plants naturally infested with twospotted spider mites. Assessments of live and dead twospotted spider mite nymphs and adults were conducted 3, 7, and 14 days after applying the treatments. None of the METI fungicides had any activity against the nymph and adult life stages of the twospotted spider mite, with percentage mortality values <18%. The METI miticides appeared to be more effective against twospotted spider mite nymphs than the adults based on percentage mortality values across the three evaluation periods (35.2% to 100% for nymphs and 11.4% to 87.9% for adults). This study demonstrated that the strobilurin-based fungicides have negligible negative effects on twospotted spider mites.
The twospotted spider mite, Tetranychus urticae (Acari: Tetranychidae), is one of the most destructive mite pests of greenhousegrown horticultural crops, feeding on over 300 plant species (Jeppson et al., 1975; van de Vrie, 1985) , and, as such, greenhouse producers use a variety of miticides to alleviate problems and avoid twospotted spider mite outbreaks (Brodsgaard and Albajes, 1999; van Leeuwen et al., 2004) . There are a number of commercially available miticides that are known as mitochondria electron transport inhibitors or METIs (Ware and Whitacre, 2004; Yu, 2008) . The mitochondrion (plural: mitochondria) is a membrane-bounded organelle that is associated with intracellular respiration. The mitochondrion is a major site of adenosine triphosphate (ATP) production and thus of oxygen consumption in cells. It also retains enzymes involved in the citric-acid cycle and in oxidative phosphorylation (Wistreich and Lechtman, 1984) .
Commercially available miticides that inhibit mitochondria activity include acequinocyl (Shuttle; OHP, Inc., Mainland, PA), pyridaben (Sanmite; Gowan Comp., Yuma, AZ), and fenpyroximate (Akari; SePro Corp., Carmel, IN). These miticides are active on all life stages (e.g., eggs, larvae, nymphs, and adults) of the twospotted spider mite (Dekeyser, 2005) , and either inhibit nicotinamide adenine dinucleotide hydride (NADH) dehydrogenase (complex I) associated with electron transport, act on the NADH CoQ reductase, or bind to the quinone oxidizing (Q o ) center or cytochrome bc 1 (complex III) in the mitochondria, leading to a reduction in energy production by preventing the synthesis of ATP (Hollingworth and Ahammadsahib, 1995; Yu, 2008) . The basic difference between these modes of action is the target site; acequinocyl is active on complex III, whereas pyridaben and fenpyroximate are active on complex I (Dekeyser, 2005; Yu, 2008 (Gisi et al., 2002; Wood and Hollomon, 2003) . Although spider mites and fungi are in different biological kingdoms, we considered it prudent to quantitatively determine if these fungicide types have miticidal properties such as controlling the nymph and/or adult stages of the twospotted spider mite. The strobilurin-based fungicides also possess translaminar properties (Cloyd 2003) ; however, it is not known how this may influence mite feeding because a number of commercially available miticides have translaminar activity.
Certain fungicides have been shown to provide control or to suppress populations of spider mites (Biggs and Hagley, 1988; Bower et al., 1995) . For example, older fungicides such as sulfur, benomyl, manzate, and dinocap were demonstrated to suppress populations of phytophagous mites (Lord, 1949; Morgan et al., 1958; Childers and Enns, 1975) . The benzimidazole systemic fungicide, benomyl, which is no longer commercially available for use in ornamental cropping systems, has been shown to inhibit the development of twospotted spider mite directly as well as reducing female fecundity (Delp and Klopping, 1968; Spadafora and Lindquist, 1972; Poe and McFadden, 1972; Alston and Thomson, 2004) . However, the strobilurin-based fungicide trifloxystrobin was not toxic to female twospotted spider mites (Alston and Thomson, 2004) . If the strobilurin-based fungicides displayed sufficient miticidal activity (>70% mortality), it could possibly lead to greenhouse producers using only one product for fungal and spider mite suppression. Therefore, the objective of this study was to compare the efficacy and residual activity of METI miticides with several METI fungicides against the twospotted spider mite.
Materials and Methods
We conducted a study at a research facility (AllTech Research and Development, Sparta, IL) to determine the efficacy of miticides and fungicides with activity on the mitochondria on the nymphal and adult stages of the twospotted spider mite. Untreated marigold (Tagetes erecta 'Antiqua Yellow') plants in the vegetative stage were transplanted into 0.9-L containers filled with Fafard 3B growing medium consisting of peatmoss, perlite, vermiculite, and processed pine bark (Conrad Fafard, Inc., Agawam, MA containing marigolds already infested with twospotted spider mite to allow a ''natural'' population of mites to infest and build up on the marigolds (about 2 weeks) to be used in the study. The treatments used in the study were acequinocyl (Shuttle; OHP, Inc.), fenpyroximate (Akari 5SC; SePRO), pyridaben (Sanmite; Gowan), azoxystrobin (Heritage; Syngenta Crop Protection, Inc.), kresoximmethyl (Cygnus; BASF), and trifloxystrobin (Compass; OHP, Inc.). Two additional miticides with different modes of action were used as standard controls; spiromesifen (Judo; OHP, Inc.) and clofentezine (Ovation; Scotts-Sierra Crop Protection Comp., Marysville, OH). The treatments and application rates are presented in Table 1 . For the miticides, we used the recommended label rates for twospotted spider mite. The fungicide rates used were based on the recommended label rate for the designated diseases such as powdery mildew, rusts, and downy mildew for which these fungicides are labeled. An untreated control and water control were also included. There were five replications or plants per treatment. Treatments were applied using a fine mist spray bottle that thoroughly saturated the test plants but did not result in significant runoff. The marigolds were 30.5 cm in height at the time of application. After applying the treatments, the test plants were placed into another research greenhouse on a wire-mesh raised bench and were arranged in a completely randomized design. The temperature in the greenhouse ranged from 30°C (day) to 22°C (night) with a relative humidity between 50% and 90%. Test plants received natural lighting during the course of the study. All marigold plants were watered with a handheld irrigation wand directed at the growing medium; there was no overhead irrigation to avoid washing off any twospotted spider mites.
Plants were evaluated before application of the treatments (precount), and 3, 7, and 14 d after treatment. Four leaves were randomly selected and harvested from each plant. The number of live and dead nymphs, and live and dead adults of twospotted spider were recorded. The precount reading was performed to ensure that the test plants had uniform populations of twospotted spider mites so that any effects were solely due to the treatments and were not confounded with variable numbers of twospotted spider mites on the marigolds. Furthermore, we observed that dead twospotted spider mites adhered to the leaf surface and did not fall off the plants.
Statistical analysis. We used Abbott's correction mortality (Abbott, 1925) , based on the water control, to the proportions of dead twospotted spider mite nymphs and adults to adjust the mortality estimates, and we then used the adjusted proportions as our response variable in the study. The number of days posttreatment application constituted a repeated measure in an analysis of variance model where treatments and days post-treatment were the main effects in a factorial treatment structure. The repeated measures were on the individual plants with the leaves as sample units or subsamples. The data associated with the four leaves were pooled per plant. Data were analyzed using the PROC MIXED procedure in SAS (Littell et al., 2006) with Kenward-Rogers correction to the denominator df for correlated errors. If the F-test for an effect was significant at the 0.05 level, we used Fisher's protected least significant difference (LSD) procedure to compare the treatment means among the a.i. treatments and used Dunnett's test to compare the a.i. treatments to the respective controls. All data presented are not corrective.
Results and Discussion
The results from the study are presented in Tables 2 and 3 . The precount mean number of twospotted spider mite nymphs and adults were significant (nymphs: F = 12.54; df = 9, 49; P # 0.0001 and adults: F = 26.00; df = 9, 49; P # 0.0001), with the mean number of twospotted spider mite nymphs initially on the marigold plants before treatment ranging from 126.4 to 170.2, and the mean number of adults ranged from 9.0 to 39.6. However, this did not appear to influence the overall results associated with the treatments across the three assessment periods (3, 7, and 14 d after application of the treatments) based on the percentage of nymph and adult mortality, and number of live nymphs and adults per treatment (Tables 2 and 3) .
For the twospotted spider mite nymphs, treatment (F = 5125.07; df = 9, 40; P # 0.0001), day (F = 456.39; df = 2, 80; P # 0.0001), and the treatment · day interaction (F = 104.99; df = 18, 80; P # 0.0001) were significant. For the twospotted spider mite adults, treatment (F = 698.45; df = 9, 40; P # 0.0001), day (F = 33.54; df = 2, 80; P # 0.0001), and the treatment · day interaction (F = 17.36; df = 18, 80; P # 0.0001) were significant. However, it was quite apparent, based on the results, that none of the commercially available Q o -inhibiting fungicides had any substantial miticidal activity, with percentage of mortality <18% for nymphs and adults. This may be affiliated with the fungicide recommended labeled rate (grams per liter or grams per hectare), which is sufficient for controlling certain fungal diseases (e.g., powdery mildew, downy mildew, and/or rusts), but may not be high enough to have any activity on mites. Furthermore, it is possible that the uptake and/or acquisition mechanisms of the miticide or fungicide a.i. are dissimilar enough or intracellular transport of the a.i. is dependent on a specific cross-membrane transporter (A. Jumpponen, personal communication).
The three METI miticides provided some level of control of twospotted spider mite nymphs 14 d after treatment. However, the miticides were only slightly effective against twospotted spider mite adults, with <70% mortality among all three miticides across the three evaluation periods (3, 7, and 14 d after treatment) (Tables 2 and 3 ). Spiromesifen, which is a lipid biosynthesis inhibitor, was most effective against the nymphal and adult stage of the twospotted spider mite, with >97% mortality across all three evaluation periods (3, 7, and 14 d after treatment) for nymphs (Table 2 ) and between 70% and 86% mortality across the three evaluation periods (3, 7, and 14 d after treatment) for adults (Table 3) . These results are equivalent to the findings of Cloyd et al. (2009) for the miticides. The METI miticides fenpyroximate and pyridaben were more active on twospotted spider mite nymphs than adults (Tables 2 and  3) , which is similar to what has been reported by Stumpf and Nauen (2001) . The miticide clofentezine failed to induce mortality in either life stage (nymphs or adults) of the twospotted spider mite. This is likely because clofentezine is a growth and embryogenesis inhibitor, and is an ovicide (egg-killing), with activity primarily on spider mite eggs (Yu, 2008) . It is also important to note that any cumulative effect (residual activity) or preexposure of twospotted spider mites to METI fungicides, due to their translaminar activity, may potentially promote resistance developing in twospotted spider mite populations to this mode of action. In conclusion, it appears that the strobilurin-based fungicides have negligible negative effects on the twospotted spider mite, T. urticae.
